Summary.
For over a century it has been held that the Grandry corpuscle and the Merkel corpuscle are unique sensory organs in aquatic and nonaquatic birds, respectively. In other words, the Grandry and the Merkel cells are two varieties of the same receptor cell and never coexist together.
Contrary to what has been believed, we found unmistakable
Merkel cells in addition to Grandry cells in the lingual mucosa of the duck, Anas platyrhynchos var. domestica, an unprecedented observation in an aquatic bird. This study concerns the fine structure of these cells in the tongue of the duck. Although some ultrastructural features are shared by the Grandry and the Merkel cells, i. e., the presence of numerous dense-cored granules and microvillous projections at the cell surface, the morphology of these two types of cells clearly differ, especially in their size. Cells suggestive of stages intermediate between these two cells have never been recognizable.
The present study indicates that the Grandry and the Merkel cells are not two varieties of the same cell in birds. It is suggested that the Merkel cell may exist in every vertebrate species, while the Grandry cell is unique to aquatic birds.
Birds possess three distinct types of sensory receptors in the skin and oral mucosa : Grandry corpuscles; Merkel corpuscles; and Herbst corpuscles. Of these, the Herbst corpuscles are typical avian mechanoreceptors equivalent to Pacinian corpuscles in mammals (MUNGER, 1971; MALINOVSK and PAC, 1982; MALINOVSKY, 1986; TOYOSHIMA et al., 1992) . On the other hand, the significance of Grandry and Merkel corpuscles is still enigmatic. Both Grandry and Merkel cells have been qualified as representatives of paraneurons (FUJITA et al., 1988) . Grandry corpuscles were first described by GRAN-DRY (1869) in the bill skin of ducks and geese. Merkel corpuscles, on the other hand, were first described by MERKEL (1876) in the bill skin and in the palatal and lingual mucosa of the chicken. Since then, it has been believed for over a century that Grandry corpuscles and Merkel corpuscles are unique organs in aquatic and nonaquatic birds, respectively. Further, although the morphology of Grandry corpuscles prominently differs from that of Merkel corpuscles especially in regard to the size of the cells, these two corpuscles have been repeatedly described as two varieties of the same receptor in birds, never coexisting together, i. e., the same species of birds never possesses both Grandry and Merkel cells (SAxoD, 1972 , 1980 . However, contraty to what has been believed, we found unmistakable Merkel cells in addition to Grandry cells in the lingual mucosa of the duck, a typically aquatic bird.
MATERIALS AND METHODS
Two adult ducks (Anas platyrhynchos var. domestica) were anesthetized by intraperitoneal injection of sodium pentobarbital (50mg/kg body weight). The tongues were dissected free and areas with small spherical bulges lateral to the horny outgrowths (BERKHOUDT, 1980) were immediately fixed for 3h by immersion in trialdehyde-DMSO mixture (KALT and TANDLER, 1971) buffered with phosphate. The specimens were then postfixed for 2h in 2% osmium tetroxide in the same buffer, dehydrated through a graded series of ethanol and embedded in Epon-Maraglas (TANDLER and WALTER, 1977) . Semithin sections were stained with toluidine blue and sites were chosen for ultrathin sections. Ultrathin sections were stained with uranyl *This study was supported in a part by a Grant -in-Aid for Scientific Research (No. 03304042) from the Ministry of Education, Science and Culture, Japan. acetate followed by triple-lead stain (SATO, 1968) and examined in a JEM-1200 EX electron microscope.
RESULTS
Our description of the Grandry corpuscles in the lingual mucosa of the duck generally agrees with previous reports (QUILLIAM, 1966; MUNGER, 1971; WATANABE et al., 1985) . Grandry corpuscles are found in the connective tissue closely below the dorsal lingual epithelium and are easily distinguishable from the surrounding tissue by both light and electron microscopy ( Fig.  1 ) The Grandry corpuscle is usually composed of two or three ganglion-like Grandry cells and associated nerve terminals. Grandry cells are large and hemispherical in shape, ranging from 40 to 45urn in diameter and 16 to 18 pro in thickness (Fig. 2) . Grandry cells have a large pale-staining nucleus with prominent nucleoli.
The most characteristic feature of the Grandry cell is the presence of numerous dense-cored granules, about 120-250nm in diameter, in the cytoplasm. The size and density of the contents of granules are variable. The granules in the Grandry cells tend to accumulate in the peripheral cytoplasm without regard to the portion facing the nerve terminals (Fig. 2) . The cytoplasm surrounding the nucleus contains mitochondria, Golgi complexes, rough endoplasmic reticulum, free ribosomes, microtubules and filaments. Most Golgi complexes are well developed and contain some presecretory granules. The Grandry cell occasionally contains paired centrioles in the perinuclear cytoplasm (Fig. 2) . The microtubules are 20-30 nm in diameter and run in various directions. The filaments are parallel linear elements about 10nm in diameter, occurring in groups interspersed with microtubules. Lysosomes and lipofuscin-like granules appear in the perinuclear portion of the cell.
Another conspicuous feature of the Grandry cell is the presence of numerous microvillous projections extending mainly from the lateral borders of the cell. Where a Grandry cell faces another Grandry cell at the periphery of the corpuscle, microvillous projections of both cells are seen to interdigitate (Fig. 3) . On the other hand, the adjacent plasma membranes of nerve terminal and Grandry cell are relatively smooth and separated by a narrow gap. No intimate apposition of plasma membranes between Grandry cell and nerve terminal is seen in that region (Figs. 2, 4) . The axon terminal contains numerous clear vesicles and scattered dense-cored granules (Fig. 4) . Neurofilaments, microtubules, mitochondria and occasional lysosomes and multivesicular bodies are also distributed throughout the cytoplasm. Figs. 5-7. Legends on the opposite page.
Merkel cells occasionally appear in the subepithelial connective tissue in close association with Grandry and Herbst corpuscles (Fig. 1 ). Merkel cells occur as single cells or sometimes grouped as several cells at most, and do not form a typical corpuscular structure, which is usually the case in nonaquatic birds (SAXOD, 1978; NAFSTAD, 1986; TOYOSHIMA and SHI-MAMURA, 1991; HALATA and GRIM, 1993) . Merkel cells are discoid in shape, approximately 5-6um in thickness and up to 13um in diameter (Figs. 5, 8 ). Although the size of Merkel cells is quite small as compared with that of Grandry cells, they are distinguishable from surrounding connective tissue cells by their clear cytoplasm, even by light microscopy (Fig. 1) .
By electron microscopy, the nucleus of the Merkel cell is ovoid in shape and located in the center of the cell (Figs. 5, 8 ). Merkel cells are characterized by the presence of numerous dense-cored granules, ranging from 100-150nm in diameter, in the cytoplasm. These granules tend to accumulate in the cell periphery (Fig. 8) . Golgi complexes are well developed and usually found in the perinuclear region. Mitochondria, rough endoplasmic reticulum and cytoplasmic filaments are variable in amount in the perinuclear cytoplasm. The Merkel cell sometimes extends microvillous projections towards collagen fibers investing the cell (Fig. 6) . In favorable sections, Merkel cells occasionally appear in the outer capsule of the Herbst corpuscles. In these cases, Merkel cells are located in an array parallel to the outer capsule, and their dense-cored granules tend to aggregate toward the inner core where the axon is located (Fig. 7) . Microvillous projections are also observed to extend towards collagen fibers investing the Herbst corpuscles. In contrast to the Merkel cells in nonaquatic birds and other vertebrate classes, attaching nerve profiles are not so conspicuous in Merkel cells of the duck.
Occasionally, so-called 'transitional ' Merkel cells (ENGLISH, 1974) appear in the connective tissue in association with Merkel cells (Fig. 8) . These cells show characteristic features of both keratinocytes and Merkel cells, i. e., the presence of bundles of clumped filaments like keratinocytes and dense-cored granules like typical Merkel cells. DISCUSSION It has been repeatedly described for over a century by many authors that, in birds, Grandry cells and Merkel cells are unique types of cells in aquatic and nonaquatic birds respectively, and never coexist, as mentioned in the Introduction. The present study is the first to provide unequivocal evidence of the occurrence of Merkel cells in the lingual mucosa of the duck, a typically aquatic bird.
In their ultrastructural study of the lingual mucosa of the finch, TOYOSHIMA and SHIMAMURA (1991) characterized the avian Merkel cells as follows: 1) The Merkel cell usually appears as a component of a Merkel corpuscle in the subepithelial connective tissue.
2) The Merkel cell is discoid in shape, approximately 3-5 , um in thickness and 13-15 am in diameter, with its surface parallel to the epithelial surface.
3) The Merkel cell contains characteristic densecored granules in the cytoplasm, 100-120nm in diameter. 4) The Merkel cell makes contact with nerve terminals via junctional specializations. 5) Exocytotic figures of Merkel-cell granules toward both the nerve terminal and the basal lamina are occasionally recognizable.
On the other hand, QUILLIAM (1966), MUNGER (1971) and the present study characterized the Grandry cells as follows: 1) The Grandry cell is a ganglion-like cell, ranging from 16 to 18 pm in thickness and 40 to 45 am in diameter. 2) A flattened nerve terminal is enclosed by opposing Grandry cells.
3) The Grandry cell contains numerous dense-cored granules resembling those found in the Merkel cell. 4) The stacked Grandry cells show a parallel arrangement to the epithelial surface. 5) The dense-cored granules in the Grandry cell are not polarized toward the nerve terminal.
The morpholgy of Merkel cells in the duck lingual mucosa was essentially identical with that of Merkel cells in nonaquatic birds as described above. Although there existed some common ultrastructural features in the Merkel and Grandry cells, i. e., the presence of dense-cored granules in the cytoplasm and microvillous projections at the cell surface, the IDE and MUNGER (1978) , SAXOD (1978 , 1980 ) and HALATA et al. (1990 believed the Merkel cells to be derived from the neural crest. On the other hand, the Grandry cells have generally been considered as neural crest derivatives (SAxoD, 1970) , like neurons.
The exact nature and function of Merkel cells remain open to discussion, as is also the case with Grandry cell. Electrophysiologically, the Merkel cell has been considered a slowly adapting mechanoreceptor (IGGO and MUIR, 1969) , although the adapting properties of the avian Merkel cell is not clear at present (MUNGER and IDE, 1988) . Immunohistochemistry has further demonstrated the presence of bioactive substances in the mammalian Merkel cell, which include neurotransmitter candidates (HARTSCHUH et al., 1986; HARTSCHUH and WEIHE, 1988) . However, GOTTSCHALDT and VAHLE-HINZ (1981) cast some doubt on the function of the Merkel cell as a mechanoreceptor. According to these authors, the nerve terminals themselves and not the Merkel cell is the mechanoelectric transducer element in the Merkel cell-neurite complex. The exact role of Merkel cells thus remains an enigma.
Recently evidence has been accumulated to suggest that the Merkel cell may have a trophic influence on nerve fibers (SCOTT et al., 1981; DIAMOND et al., 1986 DIAMOND et al., , 1988 MEAROw and DIAMOND, 1988) . More recently, Vos et al. (1991) demonstrated that, in their study on Merkel cells of the rat epidermis in vitro, these cells were capable of providing a trophic function for sensory neurons by producing a nerve growth factor (NGF).
Immunohistochemical studies have further provided evidence for the occurrence of neuron-specific enolase (NSE) in the epidermal Merkel cells of mammals (GU et al., 1981) , the teleost (ZACCONE, 1986) and in the subepithelial Merkel cells of the bird (TOYOSHIMA, 1989) . This isozyme of the glycolytic enzyme enolase is now well-established as one of marker substances for Merkel cells. It is of interest to note the recent report that NSE also has a neurotrophic activity promoting the survival of various types of neurons (TAKEI et al., 1992) . In this context, it is not unreasonable to assume that the avian subepithelial Merkel cell also can act as a trophic cell to the nerve fibers. The neurotrophic factors secreted or leaked from Merkel cells may influence the survival and maintenance of nearby sensory nerve fibers.
In contrast, no immunohistochemical study showing the presence of bioactive substance is available to date in the Grandry cells. Electrophysiologically, Grandry corpuscles in duck and goose have been known to give rise to a rapid adapting discharge, and have been considered to be a type of mechanoreceptors (GOTTSCHALDT and LAUSMANN, 1974) . However, the dense-corde granules in the Grandry cells never showed polarization toward the axon terminal abutted on. Further, no junctional specialization suggesting a synapse has been observed between the Grandry cells and sensory axon. Although the Grandry cells had tentacle-like microvillous projections on the cell surface, these morphological features seem to suggest that a mechanoelectric transducer process does not take place in the Grandry cell.
What do the Grandry cells do? At present, this enigma still remains open to discussion. A clue to the functional significance of the Grandry cells may eventually derive from the early suggestion by MERKEL (1878) that the Grandry cells were rather similar in morphology to the ganglion cells as also noted by IDE and MUNGER (1978) , although we have found occasional centrioles in the Grandry cell. It is of interest to suppose that the Grandry cells are a sort of neurosecretory cells.
To date, controversy continues in the literature as to the use of the term 'Merkel cell' and 'Grandry cell' for avian dermal secretory cells. IDE and MUNGER (1978) dared to use the term 'Grandry cell' for the dermal 'Merkel cell' of the chicken phalangeal skin. They further advocated that the term 'Merkel cell' should be restricted to define intraepidermal cells containing secretory granules associated with axons and proposed using the term 'Grandry corpuscle' and ' Grandry cell' for all avian dermal sensory corpuscles, irrespective of bird species.
However, the simultaneous appearance of both Merkel cells and Grandry cells in the duck lingual mucosa in the present study has led to the suggestion that these two cells are different types of cells. As also described previously, the finding of cells suggestive of Jap. 48: 89-108 (1985) .
